In this paper, Principal Component Analysis technique is applied on the signal measured by an ultra wide-band radar to compute the breath and heart rate of volunteers. The measurement set-up is based on an indirect time domain reflectometry technique, using an ultra wide-band antenna in contact with the subject's thorax, at the heart height, and a vector network analyzer. The Principal Component Analysis is applied on the signal reflected by the thorax and the obtained breath frequencies are compared against measures acquired by a piezoelectric belt, a widely used commercial system for respiratory activity monitoring. Breath frequency results show that the proposed approach is suitable for breath activity monitoring. Moreover, the wearable ultra wide-band radar gives also promising results for heart activity frequency detection.
Introduction
Continuous monitoring of breath rate is one of the most important issues to detect patients' respiratory diseases throughout hospitalization time and home therapy periods. Usually, breath monitoring is performed using a piezoelectric belt, wrapped around the patient body. However, this equipment can be uncomfortable or can give rise to artifacts [1] .
Heart activity is conventionally measured through electrocardiography apparatuses using on-body electrodes [2] or using the pulse oximetry [3] . This latter device has been realized for the monitoring of oxygen saturation in blood but it gives information on the heart rate also. Both systems are reliable and provide good signal quality; however, they are problematic and inadequate for long-term, everyday measurements. Moreover, these devices require direct contact of the sensor with the body.
A possible alternative solution for the heart and breath activity monitoring is the use of ultra wide-band (UWB) radars. The working principle is the typical one of radars: an impulse signal, transmitted by an antenna, is reflected by the subject thorax back to the transmitting antenna (or to a different one). If the patient's thorax moves due to breathing, the system is able to detect the movement from the variation of the time of arrival to the antenna of the pulsed signal [4] [5] [6] .
The first radar system applied for the monitoring of respiratory activity was the Doppler radar, which uses a continuous wave signal in the microwave range [7] [8] [9] . The UWB radar is a valuable alternative due to its better performances compared with the Doppler one. In fact, the use of very short pulses (of the order of hundreds of picoseconds) results in a lower interference with other systems, lower cost, and lower power density [10] [11] [12] . Moreover, the low power density radiated by the radar system allows better satisfying regulation limits settled by safety guidelines [13] . In particular, in [11] the power absorbed by the human body exposed to the field emitted by a typical UWB radar was studied and it was shown that safety aspects and regulation limits are largely satisfied.
With reference to the cardiorespiratory activity monitoring, both far-field radars and body-worn radars can be used. Typically, body-worn UWB radars are monostatic radars in which the same antenna is used to radiate the UWB signal and to receive its reflection from the human body. The UWB antenna is placed close to the thorax, so that reflections due to antenna mismatches, garments, and the first body layers, as 2 International Journal of Antennas and Propagation the skin, are substantially superimposed on the transmitted signal [14] [15] [16] .
Usually, signal analysis techniques are applied to UWB radar signals placed far from the human body, to evaluate breath and heart rate removing the static clutter coming from the environment [5, 17, 18] . In [19] , for the first time, signal processing techniques were used to evaluate the breath frequency of volunteers starting from signals measured by a wearable UWB radar. It is worth noting that, in the bodyworn case, the static clutter is not due to the contribution of the surrounding environment, but it is due to the layers of the human body, which move together with the UWB antenna. Radar measured breath frequency was in good agreement with measurements acquired by a piezoelectric belt.
In this paper, a body-worn UWB radar system is considered. The signal reflected by the human thorax is studied in order to find breath and heart frequency of the subject under investigation. In particular, the Principal Component Analysis (PCA) technique is applied to the UWB reflected signals. The PCA technique is employed on the signal obtained by a body-worn radar to evaluate the breath frequency of a subject. PCA is a procedure that converts a set of measurements of correlated variables into a set, with lower dimension, of linearly uncorrelated variables, called principal components. In this way the variability of the data is enhanced and the redundancy among the same data is reduced [20] . Output of the PCA analysis is the "principal component matrix," in which every column is arranged in order of descendent variability. For this reason, in the present application the target information is included among the first columns of the principal components matrix (largest variance), while the successive columns contain the redundant information linked to the static clutter.
Measurements were performed on five subjects, with the UWB antenna [21] placed in contact with the volunteer clothes, in correspondence of the heart. Two breath conditions were considered: normal breath and deep breath. Moreover, in one case measurements were taken while the volunteer was moving own legs and arms. For comparison purposes, during the measurement, a piezoelectric belt was used in order to acquire, in a conventional way, the breath signal. Once obtained the breath signal, the PCA technique was used to look for the heart rate of the volunteer.
The reminder of this paper is organized as follows. In Section 2, the measurement set-up and the PCA technique are described; in Section 3 results are presented and discussed. Finally, in Section 4 conclusions are drawn. Figure 1 shows a volunteer with the piezoelectric belt and the UWB antenna positioned on the thorax at the height of the heart. The piezoelectric belt (UFI model 1132 Pneumotrace II6) is constituted by a solid-state transducer, fixed on an elastic belt, and it is used to measure changes in chest or abdominal circumference linked to the respiratory activity.
Methods and Models

Measurement Set-Up.
The transducer transforms the mechanical movement into electric voltage, generating a positive voltage as the belt length increases. Its typical output signal, during normal breathing, has a dynamics of about 50 mV.
The body-worn UWB radar was realized through an indirect time domain reflectometry (TDR) technique [16] . The TDR technique measures the frequency spectrum of the antenna reflection coefficient, multiplies it by the spectrum of a monocycle pulse, and transforms the obtained signal in the time domain through an Inverse Fast Fourier Transform (IFFT). In this way, the reflected echo time behaviour is evaluated. In particular, in the used set-up a vector network analyzer (Agilent PNA E8363C) measured the antenna reflection coefficient in the 10 MHz-10 GHz frequency band, with a sampling frequency of 10 MHz (i.e., 1000 frequency points). Several acquisitions were performed in sequence to sample the respiratory activity. To this end, a dedicated VBA macro was used in order to increase the acquisition speed. The macro allows recording three-hundred reflection coefficient traces during an experimental session of about 30 s; then it stores the traces in the PNA memory.
The UWB antenna utilized for the measurement is a heart-shaped UWB antenna previously designed and manufactured [22] (see Figure 2) . Such an antenna was chosen International Journal of Antennas and Propagation because of the broadband and good radiation properties of the printed heart monopole antenna [23] . In particular, for miniaturization purposes, a microstrip-fed antipodal structure was considered, where the radiating element and the feeding microstrip line are realized over one of the substrate faces, while on the other face a suitable ground plane is etched [21, 23, 24] . After the measurement session, the reflected echoes were reconstructed according the steps above described, using a purposely developed LabVIEW virtual instrument (VI). The VI multiplies the spectrum of each measured reflection coefficient by the spectrum of a monocycle pulse 100 ps wide; then it transforms the obtained waveforms back in the time domain, thus obtaining 300 different waveforms, to be used in the successive postprocessing signal analysis. Each waveform lasts 100 ns and it is sampled with a time-step of 10 ps (10001 time points).
The reconstructed signals were arranged in a = 300 × = 10001 matrix. The column index, referring to the sampling times, is defined as the "fast-time," and the row index, indicating the different received waveforms, is named the "slow-time." Figure 3 shows an example of the obtained matrix, where colours are used to represent different signal strengths. Since the information linked to the breath and heart activity is located around 7 ns [11, 15] , only the first 10 ns of the reflected signals is shown in the figure.
As can be noted from Figure 3 , the received waveforms show high values at short fast-time (red colours), which means that strong reflections are recorded by the antenna as soon as the incident pulse is radiated. These reflections are partly due to antenna mismatches and partly come from the first layers of the subject (garments and skin). They slightly change (straight vertical lines in Figure 3 ) with the respiration because the antenna, fixed to the body, moves synchronously with the thorax. Therefore, these strong reflections represent the static clutter, which covers the useful signal and has to be removed.
Principal Component Analysis.
To eliminate the static echo present in the received waveforms, the PCA method was used.
The PCA technique highlights the variability of a signal and restrains its redundancy. The starting point of the PCA algorithm is the matrix of the received signals, , which has dimensions × . As a preliminary step, the mean value of the samples is calculated on each row of , that is, on each waveform, and subtracted from every measure. The result of this operation is a zero-mean matrix, here below named , in which a first correlation among the samples, for each observation, was eliminated.
Starting from̂, the purpose of PCA is to find a new matrix that will be the matrix of principal components, given by
where is the matrix that transformŝinto . As shown here below, can be computed using the covariance matrix of thêmatrix:
is a symmetric matrix, whose eigenvalues are arranged on the principal diagonal of the matrix Λ in descendent order, and the eigenvectors constitute the columns of the matrix.
In particular, and Λ satisfy the following equation:
The matrix in (1) is chosen equal to the matrix. The reason of this choice can be understood evaluating the covariance matrix of , given by
The purpose is to obtain a matrix such that the covariance matrix has the largest variance, which is linked to the variability of the data, and the minimum covariance, which is linked to the redundancy of the data. It is required that is a diagonal matrix, as shown in
This result is achieved with equal to and as in (3).
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Once the matrix is evaluated, the matrix can be calculated according to (1) . Through the matrix a rotation from the original matrix to a new one is performed. In the new matrix the redundant components, represented by the static clutter, are moved to columns with higher index. Accordingly, in the columns of with the highest absolute value, the respiratory signal should be present.
In this paper, once the static clutter was removed through the PCA technique, the FFT was performed in the slow-time looking for periodical behaviours. In particular, since it was observed that the echo from the lungs appeared at about 7 ns from the first reflection [15, 16] , the FFT was performed on the columns of the matrix representing time instants from 1 ns to 10 ns and the column with the highest spectral component was considered the one reporting the respiratory signal.
Noting that the cardiac signal is superimposed to the respiratory signal [19] , it is possible to look for the cardiac frequency also. To this end, the first harmonics of the respiratory signal that have frequencies between 0.2 Hz and 0.8 Hz should be removed first, because they are sufficiently strong to hide the feeble cardiac signal that has frequencies in a close frequency range (between 0.8 Hz and 3 Hz). For this reason a particular filter, called comb filter [4] , can be used, which removes the breath frequency and its subsequent harmonics. Afterwards, a specific high-pass filter can be used in order to isolate the cardiac frequency.
Results
Breath Activity.
Five different subjects were considered, two males and three females. Measurements were taken during normal breath and deep breath and, in one case, while a volunteer moved arms and legs. A total of 12 measures were considered.
Elaboration was performed applying the previously described PCA technique to filter out the static components in the received signal. As an example, Figure 4 shows the PCA filtered matrix obtained from the data in Figure 3 . Then, the FFT was applied on the columns of the filtered matrix and the highest spectral component was taken as the breath frequency. Figure 5 shows the time behaviour of the column of the PCA filtered matrix (Figure 4) where the highest spectral component was obtained. As can be observed from the figure, the obtained time behaviour has an approximately sinusoidal form, representing the breathing activity. However, signal components of higher frequencies are superimposed over the simple sinusoid. This can be explained by the presence of the heart signal, which is superimposed to the breath one, as well as by the presence of some noise not completely cancelled out by the filtering technique. Table 1 shows the breath frequency obtained by the PCA for five volunteers (ID1 to ID5), in different measurement conditions.
In the table, the breath frequency obtained by the UWB radar through the PCA analysis is compared with the frequency measured by the piezoelectric belt. In the table the time needed by the PCA method to elaborate the breath data ( ) is also shown.
As can be noted from the table, in all cases the normal breath shows a frequency slightly higher than the deep breath, as expected, because when the breath is deeper the thorax movement is long-lasting and its frequency lowers.
When the subject moves the arms (#4), since this movement changes the piezoelectric belt length, with a greater extent than the respiratory activity, an error is induced in the belt data as clearly visible in row number 4 of Table 1 . On the other hand, it is very interesting to note that while the belt fails, being the belt signal completely masked by the subjects' movements, the PCA computes a frequency a little bit higher than the frequency evaluated in the normal respiration condition, as expectable.
International Journal of Antennas and Propagation 5 Taking into account the belt results as a reference, with the exception of measure #4 (i.e., moving case, because of belt failure) and #12 (where the PCA shows a breath frequency value considerably different from that obtained by the belt), the PCA technique has a maximum relative error lower than 5% in all measures.
Preliminary
Results on Heart Activity. In Table 2 the cardiac frequency results obtained by means of the wearable UWB radar system are shown. Results achieved with the UWB radar are close to the standard values of the cardiac frequency (≈1 Hz). Figure 6 shows the voltage spectrum of the cardiac signal computed by the PCA technique. These results on the hearth rate are encouraging and suggest deepening the analysis for demonstrating the feasibility of heart activity monitoring by wearable UWB radar systems. 
Conclusions
In this paper the monitoring of the cardiorespiratory activity by a wearable UWB radar is addressed. The PCA method is used as signal elaboration technique to deal with the problem. Obtained results of the respiratory frequency are comparable with a traditional technique (i.e., the piezoelectric belt) for normal and deep respiratory condition. Moreover, in the cases where the piezoelectric belt fails, that is, in the case of normal breath with movement of the arms, the UWB radar shows results in compliance with standard values.
Concerning the heart activity, UWB radar results are encouraging. As future work, an additional campaign of measurements that will involve a wider number of volunteers of different sex and age will be performed, in order to test the validity of the proposed method for finding the heart rate. Moreover, for comparison purposes, in order to confirm the results, a conventional measuring technique of the heart rate as, for example, a pulse oximeter, will be used also.
